The UDP-glucuronosyltransferase (UGT) family of enzymes is important in the metabolic elimination of a variety of endogenous compounds such as bile acids, steroids, and fat-soluble vitamins, as well as exogenous compounds including many pharmaceuticals. The UGT2B subfamily is a major family of UGT enzymes expressed in human liver. The identification of novel mechanisms including post-transcriptional regulation by microRNA (miRNA) contributes to interindividual variability in UGT2B expression and is a crucial component in predicting patient drug response. In the present study, a high-resolution liquid chromatography-tandem mass spectrometry method was employed to measure UGT2B protein levels in a panel of human liver microsomal samples (n 5 62). Concurrent in silico analysis identified eight candidate miRNAs as potential regulators of UGT2B enzymes. Comparison of UGT2B protein expression and candidate miRNA levels from human liver samples demonstrated a significant inverse correlation between UGT2B10 and UGT2B15 and one of these candidate miRNAs, miR-485-5p. A near-significant correlation was also observed between UGT2B7 and miR-485-5p expression. In vitro analysis using luciferase-containing vectors suggested an interaction of miR-485-5p within the UGT2B10 39-untranslated region (UTR), and significant reduction in luciferase activity was also observed for a luciferase vector containing the UGT2B7 39-UTR; however, none was observed for the UBT2B15 39-UTR. UGT2B10 and UGT2B7 activities were probed using nicotine and 39-azido-39-deoxythymidine, respectively, and significant decreases in glucuronidation activity were observed for both substrates in HuH-7 and Hep3B cells upon overexpression of miR-485-5p mimic. This is the first study demonstrating a regulatory role of miR-485-5p for multiple UGT2B enzymes.
Introduction
The UDP-glucuronosyltransferase (UGT) 2B enzyme subfamily is involved in the metabolic clearance of numerous endogenous compounds including steroid hormones and bile acids, as well as exogenous agents including a variety of drugs and carcinogens (Stingl et al., 2014) . UGT2B enzymes are wellexpressed in the liver (Ohno and Nakajin, 2009) , comprising approximately one-half of the hepatic UGT expression as determined in previous proteomic studies (Fallon et al., 2013) .
The hepatically expressed UGT2B isoforms include 2B4, 2B7, 2B10, 2B11, 2B15, and 2B17 (Mackenzie et al., 2005; Nakamura et al., 2008; Ohno and Nakajin, 2009; Jones and Lazarus, 2014) . Members of the UGT2B subfamily are comprised of six independent exons, exhibiting lower sequence homologies than either the 1A or 2A enzymes, which exhibit an exon-sharing structure. UGT2Bs play an important role in drug metabolism and carcinogen detoxification. Therefore, identifying novel mechanisms involved in the regulation of UGT2B enzymes may provide insight into the mechanisms underlying overall metabolism in humans.
Recent studies have examined the role of microRNA (miRNA) in regulating UGT expression (Papageorgiou and Court, 2017; Wijayakumara et al., 2017; Tatsumi et al., 2018) . miRNAs are short nucleotide fragments that bind in the 39-untranslated region (UTR) of mRNA and reduce translation of those transcripts, either by disruption of the mRNA structure through protein interactions, which initiate deadenylation of the poly-A tail and uncapping of the methylated 59-end (Fabian et al., 2011) , or by sequestration of the mRNA transcripts (Liu et al., 2005) . UGT1A gene expression has been shown to be regulated by miR-491-3p, with miR-491-3p expression levels inversely correlated with UGT1A3 and UGT1A6 mRNA levels in normal human liver, contributing to the observed interindividual variability in the expression of these enzymes (Dluzen et al., 2014) . In addition, miR-376c exhibited an inverse expression pattern with androgenmetabolizing UGT2B15 and 2B17 in prostate cancer cells (Wijayakumara et al., 2015) . The opposite relationship between miR-376c and UGT2B15/UGT2B17 expression was shown in healthy prostate tissue, suggesting that low expression of miR-376c may contribute to prostate cancer development in androgen-dependent tumors by dysregulation of androgen signaling (Wijayakumara et al., 2015; Margaillan et al., 2016) . miR-216b-5p was also shown to play a role in UGT2B regulation, with miR-216b-5p regulating UGT2B4, 2B7, and 2B10 in cell lines (Dluzen et al., 2016) . A recent study identified miR-3664-3p as a potential regulator of UGT2B7 expression and activity (Wijayakumara et al., 2017) , with an inverse correlation observed between UGT2B7 and miR-3664-3p expression in a panel of human tissues. Potential regulation of UGT2B4 by miR-135a-5p and miR-410-3p was also observed in the same study, with UGT2B4 expression reduced after miR-135a-3p and miR-410-3p overexpression, a pattern supported by a significant inverse expression correlation observed between UGT2B4 and miR-135a-5p as well as miR-410-3p in normal human tissues. In a screening of the 2048 microRNAs listed in miRbase version 19, Papageorgiou and Court (2017) recently identified several miRNAs that altered UGT2B7 and UGT2B15 activity in vitro. Of these, only the expression of miR-455-5p was shown to be correlated with altered UGT2B15 expression or glucuronidation activity in a panel of human livers; no miRNAs were associated with altered UGT2B7 expression or activity in the same specimens.
In the present study, a proteomics approach was implemented to screen a panel of normal human liver specimens for miRNAs potentially important in regulating UGT2B gene expression, with potential miRNA candidates examined for functionality in vitro. Results from the present study indicate that miRNA miR-485-5p may be a functional regulator of hepatic UGT2B10 and UGT2B7 expression.
Materials and Methods
Chemicals and Reagents. The pGL3-promoter luciferase and pRL-TK renilla plasmids as well as Dual-Luciferase Reporter Assay Kits were obtained from Promega (Madison, WI). All synthesized DNA oligonucleotides used for 39-UTR amplification, site-directed mutagenesis, and polymerase chain reaction (PCR) analysis were obtained from Integrated DNA Technologies, Inc. (Coralville, IA) or Life Technologies (Carlsbad, CA). Lipofectamine 3000 transfection reagent and Pierce BCA Protein Assay Kits were obtained from Life Technologies. Dulbecco's modified Eagle's medium, penicillin/streptomycin (10,000 U/ml), and Opti-MEM Reduced Serum Media were purchased from Gibco (Carlsbad, CA), while FBS and the SpectraMax DuoLuc Reporter Assay were purchased from VWR (Radnor, PA). Human liver microsomes were purchased from XenoTech, LLC (Kansas City, KS). miRVana miR-485-5p mimic (#MC10837), and miRVana negative control mimic #1 (#4464058) were purchased from Ambion/Thermo Fisher Scientific (Waltham, MA). The qScript miRNA cDNA Synthesis Kit and PerfeCta SYBR Green SuperMix were purchased from Quanta Biosciences (Beverly, MA). Nicotine, uridine 59-diphosphoglucuronic acid, alamethicin, trifluoroacetic acid, formic acid, and bovine serum albumin (BSA) were all purchased from Sigma-Aldrich (St. Louis, MO). 39-Azido-39-deoxythymidine (AZT), 39-azido-39-deoxythymidinemethyl-d 3 -b-D-glucuronide (sodium salt; d3-AZT-glucuronide), 39-azido-39-deoxythymidine b-D-glucuronide (sodium salt; AZT-glucuronide), nicotine-b-D-glucuronide, and nicotine-d 3 -b-D-glucuronide were purchased from Toronto Research Chemicals (Toronto, Canada). Urea and dithiothreitol were purchased from Fisher Scientific (Pittsburgh, PA). Iodoacetamide and ammonium bicarbonate were purchased from Acros Organics (Morris Plains, NJ), N-tosyl-L-phenylalanine chloromethyl ketone-treated trypsin was obtained from Worthington Biochemical Corporation (Freehold, NJ), and lysyl endopeptidase was purchased from Wako Chemicals (Richmond, VA). Water Oasis HLB columns were obtained from Waters Corporation (Milford, MA), while mass spectrometer-grade acetonitrile was purchased from Avantor (Center Valley, PA). Indexed retention time standard solutions were purchased from Biognosys AG (Cambridge, MA). All other chemicals were purchased from Fisher Scientific unless specified otherwise.
Cells and Cell Culture Conditions. The human embryonic kidney 293 and human hepatocellular carcinoma Hep3B cell lines were purchased from American Type Culture Collection (Manassas, VA). The human hepatocellular carcinoma HuH-7 cell line was a kind gift from Dr. Jianming Hu (Penn State University, Hershey, PA). All cell lines were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS and 1% penicillin/streptomycin, and grown and maintained in 5% CO 2 at 37°C.
Tissues. Liver specimens and corresponding total RNA (n 5 62) were obtained from the tissue bank at the H. Lee Moffitt Cancer Center Tissue Procurement Facility (Tampa, FL). All 62 subjects from whom liver specimens were obtained were Caucasian, with women comprising 44% (n 5 27) of these subjects. All specimens were obtained during resection for hepatocellular carcinoma, were deemed normal after pathology assessment, and were isolated and frozen at 2 70°C within 3 hours post surgery. All protocols involving the collection and analysis of tissue specimens from these tissue banks were approved by their respective Institutional Review Boards and were in accordance with assurances filed with and approved by the United States Department of Health and Human Services.
miRNA Binding Site Predictions. TargetScan is an in silico microRNA-mRNA binding prediction database that was used to generate a list of candidate microRNAs. The criteria for selection of candidate microRNAs included: 1) prediction to bind to individual UGT2B isoforms with a Context11 percentile above the 95th percentile within the TargetScan program, 2) prediction to bind to one or more of the other UGT2B isoforms, and 3) expression of candidate microRNA in human liver.
Real-Time Quantitative PCR. Total liver RNA concentrations were determined using a Nanodrop (ND-1000) spectrophotometer (Thermo Scientific), diluted, and stored as aliquots in RNase/DNasefree water in a 280°C freezer. The cDNAs were synthesized using the qScript miRNA cDNA Synthesis Kit. Real-time PCR was performed with PerfeCta SYBR Green SuperMix, cDNA corresponding to 50 ng of RNA, 100 nM of a universal reverse primer (provided by the PerfeCta Kit), and 100 nM of the specific miRNA forward primer for either Table 1 ) as per the manufacturer's protocol. Reactions were performed in 15 ml total volume in 384-well plates using the BioRad CFX 384 real-time PCR machine, with incubations performed at 95°C for 2 minutes, followed by 40 cycles at 95°C for 10 seconds, 60°C for 15 seconds and 70°C for 15 seconds. Each plate included a no DNA negative control, and all reactions were performed in quadruplicate.
miR-485-5p Regulation of UGT2B10 and UGT2B7
Expression analysis used the comparative C T method, adapted using the method detailed in Lamba et al. (2014) and Vandesompele et al. (2002) . Briefly, the geometric mean of the expression of both miR152-3p and miR-23b-3p, which is the square root of the C T value for miR-152-3p multiplied by the C T value for miR-23b-3p, is used as a combined endogenous control for data normalization. miR152-3p and miR-23b-3p were used as controls since they were shown in previous studies to be more stable across human liver specimens than other controls (including U6 and RNU6B). The DC T value for the candidate microRNA was calculated by subtracting the geometric mean of the combined controls from the C T value of the candidate microRNA. The 2DCt value was then used as the exponent to calculate the relative expression using a logarithm base 2, as is standard when using comparative analysis. The C T values were determined using the CFX Manager software (BioRad Laboratories).
All real-time values were normalized based on primer efficiencies. Briefly, each miRNA mimic was used as a template in the qScript miRNA cDNA synthesis reaction, as described previously for the tissue samples. The resulting cDNA was diluted over a 5-log range and each dilution was used as a template in quantitative PCRs identical to those described previously for the tissue samples. The C T values for each dilution were plotted against the log of the dilution factor, and the slope of the regression line was calculated. The efficiency of each primer was calculated as E, where E 5 10 21/slope (Pfaffl, 2004) . Relative expression values for each miRNA in each tissue sample were calculated by first adjusting all C T values for primer efficiency using log 2 (E CT ), and then calculating relative expression using the standard 2 DCt method described by Pfaffl (2004) .
Proteomics Sample Preparation. Human liver microsomal fractions were prepared from individual liver specimens as previously described (Coughtrie et al., 1986; Wiener et al., 2004) . Protein concentration was measured using the Pierce BCA protein assay. Protein digestion was performed as previously described (Shi et al., 2018) . Briefly, aliquots of 80 mg protein from liver microsomes were mixed with 0.2 mg of BSA internal standard. The protein mixture was precipitated with precooled acetone and washed with 80% ethanol. Protein reduction was performed by adding 4 mM dithiothreitol in 8 M urea/100 mM ammonium bicarbonate at 37°C for 45 minutes, after which 20 mM iodoacetamide solution in 8 M urea/100 mM ammonium bicarbonate was added for alkylation at room temperature for 30 minutes in the dark. The urea concentration was adjusted to 6 M with 100 mM ammonium bicarbonate solution prior to digestion. Lysyl endopeptidase was added for the first digestion step at a protein-toenzyme ratio of 100:1 at 37°C for 6 hours. Samples were then diluted to 1.6 M urea with 50 mM ammonium bicarbonate, followed by a second digestion step with trypsin at a protein-to-enzyme ratio of 50:1 for overnight incubation at 37°C. Digestion was terminated by adding 1 ml of trifluoroacetic acid. Digested protein peptides were extracted and purified using Waters Oasis HLB columns according to the manufacturer's instructions. Eluted peptides were dried in a SpeedVac SPD1010 concentrator and reconstituted in 80 ml of 3% acetonitrile containing 0.1% formic acid. The peptide samples were centrifuged and supplemented with synthetic indexed retention time standard solutions prior to liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
LC-MS/MS-Based Protein Quantification. Peptide samples were analyzed on a TripleTOF 56001 mass spectrometer (AB Sciex, Framingham, MA) coupled with an Eksigent 2D Plus LC system (Eksigent Technologies, Dublin, CA). Liquid chromatography separation was performed via a trap-elute configuration including a trapping column (ChromXP C18-CL, 120 Å, 5 mm, 0.3 mm cartridge; Eksigent Technologies) and an analytical column (ChromXP C18-CL, 120 Å, 150 Â 0.3 mm, 5 mm; Eksigent Technologies). The mobile phase consisted of 0.1% formic acid in water (phase A) and 0.1% formic acid in acetonitrile (phase B). A total of 6 mg protein was injected for analysis. Peptides were trapped and cleaned on the trapping column with phase A delivered at a flow rate of 10 ml/min for 3 minutes before being separated on the analytical column with a gradient elution at a flow rate of 5 ml/min. The gradient time program was set as follows for column equilibration of phase B: 0-68 minutes at 3%-30%; 68-73 minutes at 30%-40%; 73-75 minutes at 40%-80%; 75-78 minutes at 80%; 78-79 minutes at 80%-3%; and, finally, 79-90 minutes at 3%. The TripleTOF instrument was operated in positive ion mode with ion spray voltage floating at 5500 V, ion source gas 1 at 28 psi, ion source gas 2 at 16 psi, curtain gas at 25 psi, and source temperature at 280°C.
To generate the reference spectral library, information-dependent acquisition (IDA) was performed on three pooled human liver microsomal samples. The IDA method was set up with a 250millisecond time-of-flight (TOF) mass spectrometry (MS) scan from 400 to 1250 Da, followed by an MS/MS scan in high-sensitivity mode from 100 to 1500 Da (50-millisecond accumulation time, 10 ppm mass tolerance, charge state from 12 to 15, rolling collision energy, and dynamic accumulation) of the top 30 precursor ions from the TOF-MS scan. The IDA data from the pooled liver microsomes were searched by MaxQuant (version 1.5.3.30; Max Planck Institute of Biochemistry, Martinsried, Germany). The human proteome fasta file with 20,237 protein entries downloaded from Uniport on March 2, 2017, was used as the reference sequences for the search. Trypsin/P was used as the protease. Peptide length was between 7 and 25 residues with up to two missed cleavage sites allowed. Carbamidomethyl was set as a fixed modification. A false discovery rate of 0.01 was used as the cutoff for both peptide and protein identification.
All liver microsomal samples were analyzed using a sequential window acquisition of all theoretical (SWATH) mass spectra method comprised of a 250-millisecond TOF-MS scan from 400 to 1250 Da, followed by MS/MS scans from 100 to 1500 Da performed on all precursors in a cyclic manner. The isolation scheme was set as SWATH (100 v/w). The accumulation time was 50 milliseconds per isolation window, resulting in a total cycle time of 2.8 seconds. The spectral alignment and target data extraction of the SWATH mass spectra data were performed on Skyline-daily (version 3.7.1.11271; University of Washington, Seattle, WA) with the reference spectral library generated from the IDA searches. The MS1 and MS/MS filtering were both set as TOF mass analyzer with resolution powers of 30,000 and 15,000, respectively. The retention time prediction was based on the autocalculated regression implemented in the indexed retention time calculator. Proper peak selection was checked manually with the automated assistance of Skyline-daily. The surrogate peptides used for the quantification of UGT2B4, 2B7, 2B10, 2B15, 2B17, and BSA are listed in Supplemental Table 2 . These peptides were selected based on uniqueness and chromatographic performance. The peak areas of the top three-to-five fragment ions were summed and normalized to the internal standard BSA for quantification.
Construction of Reporter Plasmids. The 39-UTRs of UGT2B7, 2B10, and 2B15 were inserted into the XbaI restriction enzyme site lying 39 of and adjacent to the luciferase gene within the pGL3promotor vector (Promega) to simulate the sequence position in the native UGT2B mRNA transcript. To include the entire 39-UTR sequence, primers were designed to amplify the full 39-UTRs of UGT2B10 (1138 nucleotides) and UGT2B15 (467 nucleotides), flanked by the TCTAGA XbaI restriction sequence plus an additional four nucleotides to ensure the restriction site nucleotides were not lost during PCR amplification (Supplemental Table 1 ). The luciferase-containing plasmid used for analysis of the 39-UTR of UGT2B7 (251 nucleotides) was created as described in a previous study (Dluzen et al., 2016) .
To identify the miR-485-5p-binding site within the 39-UTR of UGT2B10, four nucleotides within the miRNA recognition element (MRE) (see Fig. 1 ) identified by TargetScan were removed by sitedirected mutagenesis, following the manufacturer's protocols. To identify the miR-485-5p-binding site within the 39-UTR of UGT2B7, two sites were similarly mutated by deleting four nucleotides in two potential MREs within the 39-UTR of UGT2B7 (Fig. 1 ). The first site was selected based on its similarity to the predicted binding site of UGT2B10, with the exception of two uracils in the potential UGT2B7 676 Sutliff et al.
MRE in place of two cytosines in the UGT2B10 MRE. The second site was selected due to the presence of five nucleotides with a Watson-Crick binding pair and a guanine-uracil (GU) wobble pair in the second nucleotide of the miRNA seed sequence. These potential binding sites are located 35-55 nucleotides (termed site 1) and 230-251 nucleotides (termed site 2) downstream from the UGT2B7 translational stop codon. Verification of the manually identified MREs within the 39-UTRs of UGT2B7 and UGT2B10 was accomplished by removal of those predicted binding sites. Using the pGL3-UGT2B7 39-UTR and the pGL3-UGT2B10 39-UTR plasmids as templates, four nucleotides in each potential MRE were deleted using the mutagenesis primers listed in Supplemental Table 1 . All sequences used in this study were confirmed by Sanger sequencing analysis carried out by Genewiz (Plainfield, NJ).
Luciferase Assays. Human embryonic kidney 293 cells were seeded onto 12-well plates at 50,000 cells per well. After 24 hours, cells were cotransfected with 380 ng of UGT2B 39-UTR-containing pGL3 luciferase plasmid, 20 ng of the pRL-TK control vector, and either 100 nM scrambled miRNA control or 100 nM miR-485-5p mimic. For each well, 2 ml of Lipofectamine 3000 transfection reagent was added to the plasmids and miRNA mimics in Opti-MEM and incubated for 15 minutes according to the manufacturer's protocol. Whole cell homogenates were lysed 24 hours post transfection using the passive lysis buffer provided with the Dual-Luciferase Reporter Assay Kit. Firefly and Renilla luciferase activity was measured separately with a luminometer upon addition of Luciferase Assay Reagent II and Stop & Glo Reagent, respectively (Bio-tek Synergy HT, Winooski, VT). All luciferase assay experiments were performed in triplicate, with each experimental and control group representing the results of triplicate treatments.
Glucuronidation Assays. HuH-7 or Hep3B cells were transfected with either 100 nM scrambled miRNA controls or miR-485-5p mimic using 8 ml of Lipofectamine 3000 in 10 cm dishes, according to the manufacturer's protocol. Cells were collected 48 hours post transfection. Cell pellets underwent five freeze-thaw cycles and were homogenized by passing them through a 27 gauge needle 10 times prior to storage at 280°C. Protein concentration was determined using the BCA Protein Assay Kit (Pierce Chemical, Rockford, IL) and measured using the Synergy Neo and Gen5 Data Analysis Software (BioTek).
Glucuronidation assays included HuH-7 or Hep3B cell homogenate (50 mg), substrate, 50 mM Tris-HCl (pH 7.4), 10 mM MgCl 2 , and 4 mM uridine 59-diphosphoglucuronic acid, and were performed at 37°C. For UGT2B7 activity assessment, cell homogenate was incubated with 5 mM AZT for 60 minutes; for UGT2B10, cell homogenate was incubated with 500 mM nicotine for 2 hours (Chen et al., 2007; Walsky et al., 2012) . Incubation times were confirmed to be within the linear phase as determined in time-course experiments. Glucuronidation reactions were spiked with either d3-AZT-glucuronide for UGT2B7 or d3-nicotine glucuronide for UGT2B10, and terminated by adding an equal volume of cold 100% acetonitrile. Reactions were centrifuged for 10 minutes at 16,000g and supernatant was collected for analysis on LC-MS/MS. Human liver microsomes were used as a positive control, with d3-labeled standards spiked into each sample to confirm peak identity. As a negative control, assays containing human liver microsomes were performed without UDP-glucuronic acid. Glucuronide metabolites were analyzed on a Sciex QTRAP 6500 LC-MS/MS System, using the specific conditions listed subsequently. Quantification was based on multiple independent assays utilizing internal standards and validated standard curves of the glucuronide metabolites, using Sciex MultiQuant 2.1 software. A minimum of four experiments was performed for each assay.
AZT-glucuronide formation was analyzed using a 1.7 mm ACQUITY UPLC BEH C18 analytical column (2.1 mm Â 50 mm; Waters) in series with a 0.2 mm Waters assay frit filter (2.1 mm). Gradient elution was performed at a flow rate of 0.4 ml/min, starting with 95% buffer A (5 mM ammonium acetate 0.1% formic acid) and 5% buffer B (100% acetonitrile) for 30 seconds, a subsequent linear gradient to 50% buffer B over 2.5 minutes, and then 95% buffer B maintained over the next 2 minutes for re-equilibration. AZT-glucuronide and d3-AZT-glucuronide were monitored using multiple reactions monitoring with mass-to-charge ratio (m/z) transitions of m/z 442.000 →125.100 for AZT-glucuronide and m/z 445.000 → 128.100 for d3-AZT-glucuronide. Identification of AZT-glucuronide was confirmed using an AZT-glucuronide standard.
Nicotine glucuronides were analyzed using a Waters ACQUITY UPLC BEH HILIC 1.7 mm analytic column (2.1 Â 100 mm). Gradient conditions were performed at a 0.4-ml/min flow rate, starting with 80% buffer B (5 mM NH 4 Ac in 90% acetonitrile) for 1 minute and 50 seconds, followed by a steep gradient to 100% buffer A (5 mM NH 4 Ac in 60% acetonitrile) for 3 minutes, and then back to 80% buffer B for the remainder of the 10-minute run. Nicotine glucuronide was determined using multiple reactions monitoring, with mass transitions of m/z 339.1 → 163.1 for nicotine glucuronide and m/z 163.1 → 106.0 for d3nicotine glucuronide.
Statistical Analysis. The entire set (n 5 62) of liver specimens available to the investigators was used for the liver proteomics analysis; an initial power calculation was not performed a priori. Statistical analysis was performed using Graphpad Prism 5 software (La Jolla, CA). For all studies examining the effects of overexpressed miR-485-5p miRNA mimic, the one-tailed Student's t test was performed. The correlation between UGT2B protein levels and miRNA expression was described by the Pearson correlation coefficient with a one-tailed P value. Error bars presented in Figs. 3 and 4 are S.D.
Results
The miRNAs predicted to bind to UGT2B mRNA were identified using TargetScan. Candidate miRNAs were selected if the TargetScan context score was in the 95th percentile for at least one of the UGT2Bs and the miRNA was predicted to bind to at least one other 2B member. While miR-485-5p was only predicted to bind to a single UGT2B (UGT2B10), it was included in the current study because only miR135a-5p exhibited a higher score profile (including context11 score and conserved branch length). The final miRNA candidates (with their predicted targeted UGT2Bs in parenthesis) were miR-379-5p (UGT2B4 and UGT2B10), miR-135a-5p (UGT2B4, 2B10, 2B15, and 2B17), miR-590-5p (UGT2B4, 2B15, and 2B17), miR-216a-5p (UGT2B7 and 2B10), miR-216b-5p (UGT2B4, 2B7, and 2B10), miR-146a-3p (UGT2B7 and 2B10), miR-485-5p (UGT2B10), and miR-196a-5p (UGT2B4 and 2B7). The expression of candidate miRNAs was examined by real-time PCR using total RNA from a panel of 62 individual normal human liver specimens. All candidate miRNAs amplified successfully, with miR-590-5p exhibiting the highest expression, followed by miR-379-5p and miR-216b-5p (Table 1) . While miR-485-5p was the least expressed miRNA, it was expressed with a C T value of less than 29 for all 62 liver specimens examined.
The relative abundance of each of the UGT2B enzymes within the same panel of human liver specimens was determined by LC-MS/MS SWATH mass spectra analysis. Pearson correlation analysis was performed to test if miRNA levels were negatively associated with individual UGT protein levels. A significant inverse correlation was observed between the expression of both UGT2B10 (P 5 0.047, r 5 20.214) and UGT2B15 (P 5 0.038, r 5 20.228) and the expression of miR-485-5p in the 62 human liver specimens (Fig. 2) . A trend toward an inverse correlation was also observed for miR-485-5p and the expression of UGT2B7 (P 5 0.096, r 5 20.167). For both UGT2B4 and UGT2B17, there were no significant associations with the expression of any of the tested miRNA candidates in the 62 human liver specimens examined in this study. For UGT2B17, five samples were removed from the data set since they were previously shown to be from individuals homozygous for a known UGT2B17 whole-gene deletion polymorphism (Gallagher et al., 2007) , and therefore exhibited no UGT2B17 expression regardless of miRNA levels. None of the other miRNAs tested exhibited a significant correlation (i.e., with a P , 0.05) between the expression of any of the UGT2B enzymes and any of the other seven miRNAs tested.
To test if overexpressed miR-485-5p negatively regulated the expression of UGT2B enzymes, the 39-UTRs of UGT2B7, 2B10, and 2B15 were cloned downstream from the luciferase gene within the pGL-3 reporter vector. Each vector was cotransfected with pRL-TK Renilla transfection control plasmid and either 100 nM scrambled miRNA control or miR-485-5p mimic. A significant (P 5 0.022) 29% decrease in luciferase activity was observed after cotransfection of 100 nM miR-485-5p mimic with the wild-type UGT2B10 39-UTR-containing pGL-3 vector in human embryonic kidney 293 cells (Fig. 3A) . When comparing cells transfected with the UGT2B10 39-UTR seed deletion mutant plasmid, there was a near-identical level of luciferase activity observed for cells cotransfected with miR-485-5p compared with cells cotransfected with the scrambled mimic control miRNA. A significant (P 5 0.0060) 55% decrease in luciferase activity was observed for cells cotransfected with 100 nM of miR-485-5p mimic together with the pGL-3 vector containing the UGT2B7 39-UTR (Fig. 3B) . No effect on luciferase activity was observed for cells cotransfected with 100 nM of miR-485-5p mimic and the pGL-3 vector containing the 39-UTR of UGT2B15 (Fig. 3C) .
In silico analysis of 39-UTR sequences by TargetScan only predicted an MRE site in UGT2B10. However, proteomic and luciferase assay data suggested that miR-485-5p also potentially interacts with the 39-UTR of UGT2B7. To identify the mRNA sequence that miR-485-5p may be binding to in the UGT2B7 39-UTR sequence, two potential miR-485-5p MREs were manually identified within the UGT2B7 39-UTR, and each was mutated individually to remove four nucleotides from their seed sequence. For site 1, nucleotides corresponding to 45-48 downstream from the stop codon were deleted, while nucleotides corresponding to 245-248 downstream from the stop codon were deleted for site 2 (see Fig. 1 ). A third plasmid was also created with both sites mutated. As shown in Fig. 3B , similar levels of inhibition of luciferase activity were observed in cells transfected with any of the three UGT2B7 39-UTR-mutated luciferase plasmids when cells were cotransfected with miR-485-5p mimic versus scrambled mimic. These data suggest that neither of the manually predicted sites were acting as MREs for miR-485-5p within the UGT2B7 39-UTR.
In previous studies, several UGT2B enzymes including UGT2B10 and 2B7 were shown to be expressed in both the HuH-7 and Hep3B cell lines (Dluzen et al., 2016) . The expression of these UGTs in these cell lines was confirmed in the present study, with UGT2B7 demonstrating between 5-and 20-fold higher levels of expression than UGT2B10 in the two lines (data not shown). These cell lines also exhibit endogenous expression of miR-485-5p (Zhang et al., 2018) , making them excellent cell line models to examine the potential regulation of 2B enzymes by miR-485-5p. The expression of miR-485-5p in both cell lines was confirmed in the present study, with it being expressed at levels that were ∼1.8-fold higher in Hep3B cells compared with HuH-7 cells (data not shown). HuH-7 and Hep3B cells were transfected with miR-485-5p mimic and in vitro glucuronidation assays were performed using homogenate from miRNA-transfected cells and either the UGT2B10-specific substrate, nicotine, or the UGT2B7-specific substrate, AZT. Significant decreases in nicotine glucuronide formation of 52% and 44% were observed in HuH-7 (P 5 0.0003) and Hep3B (P 5 0.016) cell homogenates, respectively, after overexpression of 100 nM miR-485-5p mimic in assays containing 500 mM nicotine (Fig. 4A) . Similarly, significant decreases of 27% (P 5 0.017) and 31% (P 5 0.030) in AZT-glucuronide formation were observed in HuH-7 and Hep3B, respectively, after transfection with 100 nM miR-485-5p (Fig. 4B ).
Discussion
The exploration of potential miRNA regulators of metabolizing enzymes may provide insight into the variability of an individual's ability to detoxify UGT2B-specific substrates. Using a proteomic approach, the current study examined the expression of five hepatic UGT2B enzymes and eight miRNAs predicted in silico to bind to UGT2B 39-UTR sequences in 62 normal human liver samples. While UGT2B10 and 2B15 were the only UGT2B enzymes to exhibit a statistically significant inverse expression relationship with one of the miRNA candidates examined in this study (miR-485-5p), UGT2B7 showed a similar but nonsignificant inverse relationship with the same miRNA, indicating the potential for downregulation of multiple UGT2B family members by miR-485-5p. An effect by miR-485-5p on the expression of both UGT2B10 and 2B7 was confirmed in assays with a luciferase vector containing the 39-UTR of either UGT2B10 or UGT2B7; a similar effect was not observed for UGT2B15. This effect was further validated in two different cell lines, with overexpression of the miR-485-5p mimic resulting in significantly decreased UGT2B10 and UGT2B7 activities against known specific substrates in HuH7 and Hep3B cell homogenates. These data strongly suggest that miR-485-5p plays an important role in regulating the expression of these two UGT enzymes. In addition, the current study measured UGT2B protein levels in a panel of liver specimens by SWATH-MS analysis, with expression levels of candidate miRNA quantified by quantitative PCR in the same specimens. The ability to measure total protein levels in biologic samples using this technique can provide a highly sensitive and reproducible tool (Collins et al., 2017) to be applied to the study of miRNA regulation in specific tissues.
UGT2B10 is a key enzyme involved in the N-glucuronidation of many drugs that contain an amine group (Lu et al., 2017) , including the antipsychotics loxapine, clozapine, and chlorpromazine, as well as the tricyclic amine drugs amitriptyline and imipramine (Kato et al., 2013) . A diminished ability to detoxify these drugs could lead to liver toxicity in individuals with low expression of UGT2B10. In addition, UGT2B10 is the major UGT responsible for the clearance of nicotine and its major metabolite, cotinine (Chen et al., 2007) , and is important in the metabolism and detoxification of tobacco-specific nitrosamines present in tobacco and smokeless tobacco products (Chen et al., 2008) . Therefore, downregulation of UGT2B10 by miRNA including miR-485-5p could potentially lead to higher levels of exposure to nicotine or tobacco-specific nitrosamines, which could affect nicotine addiction and susceptibility to the carcinogenic effects of tobacco-specific nitrosamines.
In silico analysis predicted a miR-485-5p/UGT2B10 39-UTR MRE located at 280-300 base pairs 39 of the translation stop codon, and deletion analysis of this MRE site demonstrated a specific effect by overexpression of the miR-485-5p mimic. The UGT2B7 39-UTR contains no predicted miR-485-5p MRE within its 39-UTR based on an in silico screening using TargetScan; however, the predicted MRE in the UGT2B10 39-UTR is similar to a region in the UGT2B7 39-UTR located 35 nucleotides downstream from the UGT2B7 translational stop codon (site 1) (see Fig. 1 ). This proposed UGT2B7 MRE contains two uracils in place of two cytosines within the UGT2B10 MRE, and one less binding pair at the 39-UTR end of this potential UGT2B7 MRE. The GU wobble in RNA may account for predictions that include guanine and uracil pairs in place of Watson and Crick binding partners. Another possible site (site 2) for binding within the 39-UTR of UGT2B7 is located 230 nucleotides downstream from its translational stop codon. This site shares only six nucleotides with the predicted UGT2B10 MRE with one GU pair wobble pair and an additional A in the flanking 39-end of the UGT2B7 mRNA sequence. Interestingly, deletion of these sites within the UGT2B7 39-UTR of the pGL3 vector resulted in no diminished effect by miR-485-5p mimic overexpression on luciferase activity, suggesting that neither of these sites acts as a functional MRE within the UGT2B7 39-UTR for miR-485-5p.
The other members of the UGT2B family in this study did not show any significant associations between hepatic UGT2B protein and expression of the miRNAs examined. Although there were no predicted binding sites within the 39-UTR of UGT2B15 for miR-485-5p, luciferase assays were performed for this gene due to a significant inverse expression relationship observed between miR-485-5p and UGT2B15 expression in the panel of liver specimens examined in this study. In addition, the UGT2B15 39-UTR sequence contains a possible MRE located 132 nucleotides downstream from the UGT2B15 stop codon, where the eight nucleotide binding pairs on the 39 end of the miRNA include two GU wobble pairs. However, unlike that observed for UGT2B10 and 2B7, no effect on luciferase activity was observed for in vitro assays using a luciferase vector containing the UGT2B15 39-UTR.
Several of the miRNAs selected as candidates for this study were predicted to bind to multiple UGT2B isoforms. While enzymes within the UGT1A and UGT2A (excluding UGT2A3) subfamilies share the same 39-UTR, the UGT2B genes are independent of each other, exhibiting no exon sharing. However, there is relatively high homology between 39-UTRs for several of the UGT2B genes. While the 39-UTR for UGT2B7 is only roughly one-third the length of UGT2B10, this sequence exhibits over 80% homology to comparable sequences within UGT2B10 as determined using the ExPASy Bioinformatics Resource Portal SIM alignment tool (https://www.expasy.org). However, only miR-485-5p demonstrated a significant association with UGT2B expression, and only for UGT2B10 and 2B7. Previous studies identified miR-491-3p as a candidate to bind to the 39-UTR of all UGT1A isoforms, which contain the same 39-UTR (Dluzen et al., 2014) . miR-491-3p was shown to regulate the expression of UGT1A1, Fig. 2 . Expression of UGT2B7, 2B10, and 2B15 vs. miR-485-5p in human liver samples. Expression levels of miR-485-5p were quantified using quantitative reverse-transcription PCR and normalized to the geometric mean of miR-152-3p and miR-23b-3p in the same samples. The Y-axis represents the natural log transformed values for miR-485-5p. The X-axis represents the ratio of UGT2B7, 2B10, or 2B15 to the BSA internal standard, transformed to the natural log value.
miR-485-5p Regulation of UGT2B10 and UGT2B7 1A3, and 1A6, but not UGT1A4 or 1A9, and significant inverse associations were found in human liver specimens between miR-491-3p and the expression of both UGT1A3 and 1A6 but not UGT1A1. It was suggested that differences in secondary structure could be responsible for this differential regulation (Dluzen et al., 2014) . A similar mechanism could also be playing a role in the differential regulation of UGT2B enzymes.
miR-485-5p has been shown to be involved in the regulation of a number of other cellular pathways. The long noncoding RNA, NEAT1, was found to reduce the levels of miR-485-5p expression, and a corresponding increase in STAT3 expression was observed in both HuH-7 and Hep3B cells (Zhang et al., 2018) . When STAT3 is repressed, hepatocellular carcinoma (HCC) cell migration and invasion is reduced and low levels of miR-485-5p are associated with increased HCC cancer metastasis (Zhang et al., 2018) . miR-485-5p has also been linked to liver cancer by targeting the extracellular matrix metalloproteinase inducer. Reduced miR-485-5p expression and associated increases in extracellular matrix metalloproteinase inducer expression were correlated with increased HCC tumor progression and metastasis (Sun et al., 2015) . A similar association between low miR-485-5p expression and HCC tumor progression and metastasis was observed in studies by Guo et al. (2015) , with stanniocalcin 2 identified as a potential miR-485-5p target. Other studies have implicated miR-485-5p regulation of several tumor suppressor genes, with high miR-485-5p expression associated with greater tumor suppression and better patient prognosis (Kang et al., 2015; Lou et al., 2016; Huang et al., 2018) . The results of the present study demonstrate an effect by miR-485-5p on UGT2B10 and UGT2B7 expression and suggest that variations in miR-485-5p expression could also play an important role in liver The pGL3-UGT2B10 39-UTR MRE deletion vector (Mutant) contains a four-nucleotide deletion within the potential miR-485-5p MRE seed sequence. The two columns on the left-hand side were performed using transfections of the luciferase vector containing the wild-type UGT2B10 39-UTR; the two columns on the right-hand side were performed using the luciferase vector containing the UGT2B10 39-UTR with its seed sequence deletion mutation. (B) The pGL3-UGT2B7 39-UTR luciferase vector contains 251 nucleotides of the UGT2B7 39-UTR including the MRE for each of the two predicted binding sites for miR-485-5p. The pGL3-UGT2B7 39-UTR MRE deletion vectors each contain a four-nucleotide deletion within the potential miR-485-5p MRE seed sequence. The two columns on the left-hand side were performed using transfections of the luciferase vector containing the wild-type UGT2B7 39-UTR; the next six columns on the right-hand side were performed using the luciferase vector containing the UGT2B7 39-UTR with seed sequence deletion mutations at site 1, site 2, or both sites together, as indicated in the graph. (C) The pGL3-UGT2B15 39-UTR luciferase vector contains 467 nucleotides of the UGT2B15 39-UTR. Luciferase reporter vectors were cotransfected into human embryonic kidney 293 cells with the pRL-TK renilla control vector along with 100 nM of miR-485-5p mimic or scrambled miRNA control. Columns represent the mean 6 S.D. of at least three independent experiments and are normalized to the scrambled miRNA-transfected control. *P , 0.05; **P , 0.01, all compared with the referent scrambled control miRNA cotransfected with the luciferase vector containing the corresponding wild-type UGT2B 39-UTR. toxicity in patients treated with drugs metabolized by these two enzymes, including epirubicin, zidovudine, and codeine for UGT2B7 (Innocenti et al., 2001; Court et al., 2003) , and loxapine, amitriptyline, and chlorpromazine for UGT2B10 (Lu et al., 2017) .
Previous in vitro studies had implicated miR-216b-5p in the regulation of several UGT2B enzymes (Dluzen et al., 2016) . While the expression of miR-216b-5p was shown to be expressed in pooled liver RNA, an analysis of miR-216b versus UGT2B expression was not performed in human tissues in that study. Interestingly, a significant inverse relationship between the expression of miR-216b-5p and UGT2B enzymes was not observed in the 62 liver specimens examined in the present study. Potentially, differences in the expression of miR-216b-5p in hepatic tissue versus cell lines could help explain this discrepancy. miR-216b-5p was shown to be expressed up to 900-fold lower in liver than in some other human tissues including pancreas (Dluzen et al., 2016) . Interestingly, overexpression of UGT2B4, 2B7, and 2B15 reduced lipid accumulation in the Panc-1 pancreatic cell line (Dates et al., 2015) . Excess lipid levels in cancer cells are known to contribute to proliferation in pancreatic cells (Beloribi-Djefaflia et al., 2016 ), suggesting that it is possible that miR-216b-5p is playing a far more critical role in regulating the expression of UGT2Bs in the pancreas than in the liver.
In summary, the present study suggests that miR-485-5p exhibits a regulatory role for UGT2B10 and UGT2B7. This regulation could impact liver toxicity in response to doses considered safe for a number of the top over-the-counter and prescription drugs. miR-485-5p Regulation of UGT2B10 and UGT2B7
